Measurements of 810 nm transmittance changes in leaves, simultaneously with Chl fluorescence, CO 2 uptake and O 2 evolution, were carried out on potato (Solanum tuberosum L.) leaves with altered expression of plastidic NADP-dependent malate dehydrogenase. Electron transport rates were calculated: J C from the CO 2 uptake rate considering ribulose-1,5-bisphosphate (RuBP) carboxylation and oxygenation, J O from the O 2 evolution rate, J F from Chl fluorescence parameters and J I from the post-illumination re-reduction speed of PSI donors. In the absence of external O 2 , J O equaled (1.005 AE 0.003) J C , independent of the transgenic treatment, light intensity and CO 2 concentration. This showed that nitrite and oxaloacetate reduction rates were very slow. The Mehler-type O 2 reduction was evaluated from the rate of electron accumulation at PSI after the O 2 concentration was decreased from 210 to 20 mmol mol
Introduction
The problem of electron/proton stoichiometry giving the 3ATP/2NADPH ratio during photosynthetic electron flow has been an enigma for decades. Provided that the Q-cycle is operating (Rich 1988 and the requirement for ATP synthase is 12H þ /3ATP (Rumberg et al. 1990) , the requirements of the carbon reductionoxidation cycle (CROC) are satisfied and only a small ATP deficiency may be caused by its consumption for starch synthesis and other secondary metabolism. The discovery of 14 subunits III in the ring structure of the CF 0 of the ATP synthase (Seelert et al. 2000 , Scheuring et al. 2001 , Seelert et al. 2003 raised the question of whether the actual requirement could be 14H þ /3ATP. In this case, the proton deficiency of at least 17% must be covered by an additional H þ -coupled electron flow, such as cyclic electron flow around PSI or linear electron flow to alternative acceptors other than CO 2 Foyer 2000, Avenson et al. 2005) . On the other hand, the number of subunits in the ring structure of the CF 0 of the ATP synthase may not be the primary determinant of the H þ /ATP requirement during catalysis (Turina et al. 2003) . In this work, our primary aim was to understand whether this relatively large gap exists in the ATP/NADPH budget and how is it filled during photosynthesis in leaves, i.e. how much cyclic, J Cyc , and alternative electron transport, J Alt , are controlling the H þ /e À stoichiometry, and how J Alt is partitioned between the malate valve, nitrite and oxygen reduction.
In 1954 Arnon and co-workers discovered that ATP was synthesized in illuminated chloroplasts in the absence of gas exchange, from which they concluded that electrons moving in a cycle can cause ATP synthesis (Arnon 1959) . It is believed that the pathway-though still obscureinvolves the Q-cycle, coupling the cycling electrons with transmembrane proton transport (Bendall and Manasse 1995) . Despite the fact that ample indirect evidence has been interpreted showing the importance of the H þ -coupled cyclic pathway in photosynthesis (e.g. Heber et al. 1995b , Munekage et al. 2004 , direct measurements of its rate are rare and their quantitative interpretation is problematic. For example, the complex signal of the widely used dual-wavelength spectrophotometer P700DW needs to be deconvoluted into the components of P700 þ , PC þ and Fd À , and care must be taken to achieve the complete oxidation of these PSI donor side carriers, which certainly does not occur under far-red light (Miyake et al. 2005b) .
'Alternative' is the name given to the portion of the linear electron flow reducing acceptors other than bisphosphoglycerate (BPGA), mainly dioxygen (the Mehler reaction), nitrite and oxaloacetate. The alternative electron flow positively contributes to the ATP/NADPH budget since 3 (or 2.6) ATP molecules are synthesized but no (or at least 53) ATP molecules are consumed for every 4e
À entering an alternative pathway. The rate of the Mehler reaction, followed by the ascorbate peroxidase cycle (the water-water cycle), may be very fast when the carbon reduction-oxidation cycle (CROC) is an inefficient acceptor, e.g. during the dark-light induction or during CO 2 -limited photosynthesis (Asada 2006) . During fast photosynthesis, only rates of 510% of the linear electron flow have been detected in C 3 and C 4 plants , Siebke et al. 2003 . In this work, we propose a new method for the evaluation of the rate of O 2 reduction during fast CO 2 -and light-saturated photosynthesis and show that this rate is very slow, within the 1% range of the linear flow.
Nitrite reduction has been suggested to be the major alternative electron sink balancing the ATP/NADPH stoichiometry during photosynthesis (Noctor and Foyer 1998) . The beauty of this integrated approach to cellular ATP is that the deficiency in the basic ATP/NADPH ratio must be naturally built into the photosynthetic machinery in order to ensure the excess of reducing power supporting nitrogen assimilation. From this point of view, the increased consumption of 14H þ /3ATP in chloroplasts compared with 12H þ /3ATP in mitochondria is even expected. However, though the scheme is logically attractive, experiments have shown that N and C assimilation rates are not proportional in leaves, but N reduction saturates at much lower photon flux densities (PFDs) than C reduction (Robinson 1988) . Moreover, in some plant species, N reduction occurs mainly in roots. In this work, we found the net O 2 /CO 2 exchange ratio to be very close to 1.0, in contrast to that predicted if 14H þ /3ATP was the requirement and N assimilation was the dominating alternative electron acceptor.
A pathway transporting excess reducing power out of chloroplasts is the so-called 'malate valve' (Scheibe 1987) . In chloroplasts, malate dehydrogenase (MDH) reduces oxaloacetate (OA) to malate at the expense of NADPH generated in photosynthesis. The malate/OA transporter shuttles the substrates between the cytosol and the chloroplast. In the cytosol, malate is oxidized to OA, reducing the cytosolic NAD system, or is further metabolized in mitochondria. For the closer characterization of the importance of the malate valve in photosynthesis, transgenic potato plants with altered expression of plastidic NADP-MDH have been investigated, but little difference has been discovered in the basic photosynthetic characteristics expected to vary in parallel with the MDH activity . Evidently, over-and underexpression of MDH was neutralized by post-translational regulation. In this work, we extended these investigations applying simultaneous measurements of Chl fluorescence, CO 2 uptake and O 2 evolution to measure the actual rate of the alternative electron flow through MDH. The results showed that the rate through the malate valve was only a few percent of the linear flow. There was enough MDH even in the antisense leaves to support J Alt when activated to the necessary level. The PSI cyclic electron flow was below the detection threshold as long as photosynthesis was light limited, but was significantly increased at saturating light. We suggest that this fast PSI cyclic electron flow is energy dissipating, not coupled with proton translocation.
Results

General characteristics of leaves
No significant differences in the growth rate of plants and in the routinely measured photosynthetic parameters of leaves could be detected between the MDH-underexpressing (antisense), wild-type and MDH-overexpressing (sense) type potato plants. Rather, the differences were greater between the laboratory-and field-grown plants. For example, though the leaf dry weight was similar, the fresh weight was lower in the field due to the relatively dry summer (Table 1 ). The N content of the leaves was generally high (5.5% in the field), but some of it probably was inorganic, especially in the laboratory plants (7.4% N). Rubisco content was very high, 59 mmol active sites m À2 in the fieldand 78 mmol active sites m À2 in the laboratory-grown leaves. Total Chl content was as high as 438 mmol m À2 in the field and 569 mmol m À2 in the laboratory. Though the PSII density was similar (1.9 and 2.0 mmol m À2 in the field-and laboratory-grown leaves), the PSI density was significantly lower in the field-than in the laboratory-grown leaves (1.2 vs. 1.8 mmol m À2 ). The plastocyanin (PC) pool per P700 was 2.9 (field) and 2.5 (laboratory), measured by the far-red oxidative titration method (Oja et al. 2003 , Talts et al. 2007 . Optical crosssections of excitation partitioning were determined from the maximum quantum yield of BPGA reduction, Y C , considering fluorescence-indicated losses at PSII Loreto 1996, Eichelmann and and losses caused by P700 oxidation at PSI. The obtained partitioning coefficients were different in the field-and laboratory-grown leaves, probably due to the different spectral composition of the growth light: to PSII, a II ¼ 0.526 (field) and 0.475 (laboratory); and to PSI, a I ¼ 0.455 (field) and 0.468 (laboratory). The residual cross-section (2-6%) belongs to chromophores inactive in photosynthesis. We assumed that total Chl was partitioned between the photosystems according to the excitation partitioning and calculated the antenna sizes around each photosystem, dividing the partitioned Chl by reaction center density. The total PSII antenna [denoted here as lightharvesting complex II (LHCII)] was 121 Chl in the field-and 135 Chl in the laboratory-grown leaves, and the PSI antenna was 165 in the field and 151 Chl in the laboratory-grown leaves.
Steady-state photosynthetic rates, measured at 22-238C, were generally high. Under atmospheric CO 2 and O 2 concentrations, the rates were about 27 mmol CO 2 m À2 s À1 (recalculated to the standard C i /C a ratio of 0.7), but the CO 2 -and light-saturated rates were 37.6 mmol m À2 s À1 in the field-grown and 42.6 mmol m À2 s
À1
in the laboratory-grown leaves. The gas phase (stomatal) diffusion resistance of the leaf in the measurement chamber was lower in the attached leaves of laboratory plants (0.37 s mm
) compared with the detached leaves of the field plants (0.49 s mm À1 ). The carboxylation conductance (initial slope of the Rubisco kinetic curve) was relatively high. For comparison with other resistances, we present the carboxylation resistance (reciprocal of the conductance) r c ¼ 0.098 s mm À1 in the field-grown and 0.076 s mm À1 in the laboratory-grown leaves. The mesophyll diffusion resistance, r md , was 0.010 and 0.014 s mm À1 in the field and laboratory plants, respectively, forming 11 and 19% of the total mesophyll resistance r m ¼ r c þ r md . Rubisco V m was 106 mmol CO 2 m À2 s À1 in the field-and 134 mmol CO 2 m À2 s À1 in the laboratory-grown leaves, exceeding the maximum steady-state CO 2 uptake rate by 2.8 and 3.1 times, respectively. However, the apparent site turnover rate, k cat , was rather low (1.8 s À1 in field-and 1.7 s À1 in laboratory-grown plants), indicating the incomplete activation of the very large Rubisco pool. The assimilatory charge (accumulated RuBP pool) was significantly bigger in the laboratory-grown leaves (154 mmol m À2 ) compared with the field-grown leaves (107 mmol m À2 ), in agreement with the larger total cell volume (fresh weight), and probably larger chloroplast stroma volume, of these leaves. The Rubisco specificity factor, K sp , was slightly higher in the laboratory-grown leaves (102) vs. field-grown leaves (97). ; r gw , r md , r c , diffusion resistances in gas phase and in mesophyll liquid phase and carboxylation resistance, respectively; V m , maximum carboxylation rate by Rubisco; k cat , site turnover rate of Rubisco; K s , CO 2 /O 2 specificity of Rubisco; AC, assimilatory charge (RuBP pool). The variation is AESE, n ¼ 4 for field-grown and n ¼ 3 for laboratory-grown leaves.
None of these basic photosynthetic parameters was significantly correlated with the MDH expression level, in accordance with the previously reported fact that the actual NADP-MDH activities differed less than the full enzyme capacities in the different lines .
Evaluating the alternative reduction rates from simultaneous measurements of CO 2 uptake and O 2 evolution
The simultaneous measurements of CO 2 uptake and O 2 evolution were carried out under very low O 2 concentrations in the leaf chamber, of 10 mmol mol À1 (in the dark) to about 50 mmol mol À1 (during fast photosynthesis in the light). We expected that under the low O 2 concentrations, blocking photorespiration and the Mehler-type O 2 reduction, the reduction of OA plus nitrite along with BPGA will cause somewhat faster O 2 evolution compared with CO 2 uptake. Such parallel measurements of CO 2 uptake and O 2 evolution were carried out under different PFDs (light response curve) and different CO 2 concentrations (CO 2 response curves). In Fig. 1 , the O 2 evolution rate, A O , is plotted against the net CO 2 uptake rate, A C , during the measurement of light and CO 2 response curves on a sample leaf of the MDH-overexpressing potato genotype. Since O 2 uptake was close to zero at the very low O 2 concentration, but CO 2 evolution continued during the short period of anoxia, the relationship was not proportional, but had an offset. Relating changes in O 2 evolution to changes in CO 2 uptake, both parameters varied in an exactly equal manner from light-saturated down to strictly light-limited (Kok effect area) photosynthetic rates. No faster changes in O 2 evolution compared with changes in CO 2 uptake were detected in leaves of any genetic treatment either in the field-or in the laboratory-grown plants (Table 2 ). Since photorespiration was completely abolished, electron transport rates, J O (Eqn. 2) and J C (Eqn. 1), were related as the gas exchange rates.
The role of the Mehler reaction: enhancement of photosynthesis by oxygen
Oxygen inhibits C 3 photosynthesis by inducing photorespiration at atmospheric CO 2 concentration, but at saturating CO 2 concentrations, when photorespiration is suppressed, oxygen enhances photosynthesis (Viil et al. 1972 ). This effect was suggested to reflect the Mehlertype O 2 reduction, increasing the ATP/NADPH ratio (Viil et al. 1977) . ; dPSIe À /J C , rate of electron accumulation at PSI relative to the linear electron transport rate; J F , J I and J C , electron transport rates through PSII, PSI and for BPGA reduction, respectively; the presented differences were measured at light saturation; J max , maximum electron transport rate at CO 2 and light saturation; MDH, fully activated reaction capacity of NADP-MDH; n.m., not measured. The variation is AESE, n ¼ 4 for field-grown and n ¼ 3 for laboratory-grown leaves.
When the O 2 concentration was suddenly decreased from 210 to 20 mmol mol À1 at the CO 2 concentration of 1,500 mmol mol À1 , the CO 2 uptake rate of the potato leaves immediately began to decrease, but soon the decreasing trend was reversed and a new steady state stabilized via a series of damped oscillations (Fig. 2) . The rate reversed to the 210 mmol mol À1 O 2 level via an overshoot, but oscillations were less pronounced (not shown). While photosynthesis was decreasing, the 810 nm signal indicated the increasing reduction of PSI donor side electron carriers, evidently caused by the gradually increasing acceptor side reduction. The initial rate of P700 reduction was 0.04 s À1 , as detected from the slope of the solid line in Fig. 2A . The average rates of P700 reduction were rather similar, 0.048 s À1 in the field-grown and 0.054 s À1 in the laboratorygrown leaves ( Table 2 ). Considering that electrons accumulated not only in P700, but in all donor side carriers [PC, cytochrome f (Cyt f )], the rate of electron accumulation was actually faster, about 0.2 e À s À1 per PSI (Table 2 ). Since PSI density was maximal at 1.8 mmol m À2 (in the laboratory-grown leaves, Table 1), the estimated maximum absolute rate of electron accumulation was 1.8 Â 0.2 ¼ 0.36 mmol m À2 s À1 , i.e. still only a small fraction of a percent of the linear electron flow, J C (Table 2) . A similar immediate accumulation of electrons around PSI after the sudden decrease in O 2 concentration was observed in all three potato genotypes.
PSII electron transport
The electron transport rate through PSII, J F , was calculated from Chl fluorescence data (Eqn. 3).
The partitioning of excitation to PSII, a II (Table 1) , was determined from the quantum yield of CO 2 uptake at limiting PFDs (Laisk and Loreto 1996) . The corresponding electron transport for BPGA reduction, J C , was calculated from Eqn. 1 using gas exchange data obtained at different PFDs, CO 2 and O 2 concentrations. The chloroplast CO 2 concentration C c was calculated considering the mesophyll diffusion resistance, r md .
The calculated PSII electron transport rate, J F , was very close to electron transport supporting BPGA reduction, J C , at limiting PAD (as expected due to the determination of a II ), but at high PADs J F continued to increase, saturating at a significantly higher rate than J C (Fig. 3) . The difference J F À J C , close to zero at limiting light, was typically 31-35 mmol e À m À2 s À1 at light saturation in the antisense and wild-type leaves, but 46-47 mmol e À m À2 s À1 in the sense type leaves (Table 2) . When CO 2 and O 2 concentrations were decreased, the difference J F À J C remained constant or slightly decreased (Fig. 4) .
PSI electron transport
The electron transport rate through PSI was calculated from the post-illumination re-reduction speed of PSI donor side electron carriers. In the light, the high-potential PSI donors accumulated in the oxidized form, PC þ and P700 þ , generating the 810 nm signal. After the light was turned off, electrons from reduced PQH 2 continued arriving at the PSI donors, initially at the same rate as in the light, but the rate decreased as soon as PQH 2 became more oxidized and the high-potential carriers became more reduced. This initial re-reduction rate of PSI donors was calculated from the measured initial slope of the post-illumination 810 nm signal trace (Fig. 5) . The 810 nm signal is generated by both PC þ and P700 þ , but one electron reducing P700 þ generates about a six times greater signal change than an electron reducing PC þ . Over the whole redox span of P700 and PC, the strength of the one-electron signal was determined from the oxidative titration of the PSI donors (Oja et al. 2003 , Talts et al. 2007 ) making it possible to measure the arrival rate of electrons at PSI over the whole light response curve.
Such measurements of PSI electron transport were carried out at different PADs and CO 2 and O 2 concentrations. The PSI cyclic electron transport was calculated as the difference between electron transport rates through PSI and that for BPGA reduction, J C , J Cyc ¼ J I À J C (see Discussion for this definition of J Cyc ). At limiting PADs, J I was closely equal to J C , not indicating any cyclic electron transport (Fig. 3) . At high PADs, when J C became light saturated, the PSI electron transport rate continued to increase, exceeding J C by 45-60 mmol e À m À2 s
À1
, without correlation with the expression of MDH (Table 2) . The difference J I À J C remained fast and even increased when the linear rate, J C , was limited by low CO 2 and O 2 concentrations (Fig. 6 ).
Discussion
If 12H
þ /3ATP is the coupling ratio of the ATP synthase (Rumberg et al. 1990 ) and the Q-cycle is operating (Rich 1988 , linear electron flow from water to BPGA exactly supports the basic 3ATP/ 2NADPH ratio, necessary for the CROC. Under these conditions, only ATP requirements for secondary metabolism would increase the ratio over the basic value, but these requirements most probaby are 55% of J C . However, if the proton coupling ratio of ATP synthase is 14H þ /3ATP, then J Alt must be at least 17% of J C plus the requirement of secondary metabolism Foyer 2000, Avenson et al. 2005) . If this additional proton requirement is covered by the PSI cyclic flow, coupled with 2H
þ /e À (Heber et al. 1995a ) instead of 3H
þ /e À during the linear flow, the expected J Cyc ¼ 3/2 J Alt , approaching 30% of the linear flow in the case of the worst scenario. We investigated whether such fast rates of J Alt and J Cyc were detectable in leaves.
The rates of OA and N reduction are very slow, comparable with respiration
As the first step, we eliminated photorespiration and Mehler-type O 2 reduction in chloroplasts using almost completely O 2 -free gas. From the difference of simultaneously measured O 2 evolution and CO 2 uptake, we expected to see the rate of nitrite plus OA reduction, but in our potato leaves, independent of the genetic treatment, we did not detect any excess O 2 evolution over CO 2 uptake. The O 2 /CO 2 exchange ratio was very close to unity, measured with an error of 51% according to the new calibration method ). Since 510% of the photosynthetically evolved oxygen may be reassimilated in mitochondria ), the O 2 /CO 2 ratio could not be significantly underestimated due to this process either. This result was unexpected, since even if there was no N reduction in the potato leaves, MDH activity has been shown in leaves grown from the same clone lines of tubers before ) and confirmed on plants grown from the same generation of tubers in this work. A compromise explanation is that the reduction of OA was coupled with changes in the net CO 2 exchange. As one possibility, the export of OA from the Krebs cycle proportionally inhibited respiratory CO 2 evolution, as suggested by Oja et al. (2007) . As a second possibility, OA reduced by the chloroplast MDH was produced by the carboxylation of phosphoenolpyruvate (PEP), synthesized from phosphoglycerate (PGA; the anaplerotic pathway). If the PEP carboxylation caused additional slow CO 2 uptake proportionally with the rate of OA reduction, the resulting change in the net CO 2 uptake was similar, whether the electron acceptor was BPGA or OA (the small difference was not distinguishable at the slow rates). Thus, the measurements of the O 2 /CO 2 exchange ratio still leave a gap for OA reduction, but its rate is very slow, not faster than the rate O 2 mol À1 (filled diamonds) in the antisense (A), wild-type (B) and sense (C) potato. The light response was measured at 360 mmol CO 2 mol À1 and 210 mmol O 2 mol À1 downward, beginning from an incident PFD of 2,000 mmol quanta m À2 s À1 . The CO 2 response was measured at a PFD of 760 mmol quanta m À2 s
À1
and in 20 (filled diamonds) and 210 mmol O 2 mol À1 (filled squares) downward, beginning from 360 mmol CO 2 mol À1 , except the highest filled square that was measured at a PFD of 2,000 mmol quanta mol À1 and 1,500 mmol CO 2 mol À1 . of respiration. In an earlier work, we measured O 2 evolution in birch leaves at zero external CO 2 and O 2 concentrations. The residual O 2 evolution rate was about 0.5 mmol m À2 s À1 , which was 2.5% of the maximum CO 2 -and light-saturated rate, and a part of it could be due to the reassimilation of respiratory CO 2 (Eichelmann et al. 2004 ). These results show that the rate of J Alt related to OA and N reduction is only a few percent of J C , just sufficient to produce the additional ATP necessary for starch and protein synthesis in chloroplasts.
Compensatory interplay between the Mehler reaction and the malate valve
We evaluated the rate of the Mehler-type O 2 reduction from the inhibition of CO 2 -and light-saturated photosynthesis after the removal of most oxygen, discovered several decades ago (Viil et al. 1972 , Viil et al. 1977 . In the present work we recorded the 810 nm transmittance signal in parallel with the CO 2 uptake, showing that the inhibition of photosynthesis under the low O 2 level was accompanied by the additional reduction of electron carriers around PSI. The evaluation of the Mehler-type O 2 reduction resulted in a very slow rate, maximally about 0.2% of the linear electron transport rate (Table 2) . Such a slow rate of the Mehler reaction explains why its detection as the difference of PSII electron flow and BPGA reduction, J F À J C , has been unsuccessful .
While the photosynthetic rate was decreasing after the O 2 concentration was lowered, a counteracting process was induced within 10-20 s that prevented the further accumulation of electrons by facilitating the re-oxidation of the PSI acceptor side. This process was activated after a delay and acted with an overshoot, causing an oscillatory transient. It is likely that the slowly activated alternative electron acceptor substituting the Mehler reaction was the malate valve (Scheibe and Stitt 1988) , whose activation is known to be slow (Scheibe et al. 1986 ). However, the absence of significant differences between the responses of MDHoverexpressing, wild-type and underexpressing potato leaves suggests that not the MDH activity, but the OA availability was actually controlling the rate of the malate valve (Fridlyand et al. 1998 ). This supports the notion that OA reduced by MDH was mainly synthesized via the anaplerotic pathway, but the rate-limiting reaction was not the carboxylation of PEP, but the synthesis of PEP from PGA. The delay in the compensatory reaction of the malate valve was most probably caused by a metabolic delay in the anaplerotic pathway. This analysis shows that the fluxes of ATP and NADPH are well balanced during the linear electron flow in potato leaves. Only very small corrections-in the percent range, cooperatively supported by the Mehlertype O 2 reduction (Asada 2006) , by the malate valve (Backhausen et al. 2000) and by nitrite reduction-are needed to fine-control the ATP/NADPH ratio dependent on changes in metabolic conditions. There is no evidence for fast alternative electron transport rates, expected to be seen if 14H þ /3ATP is the proton requirement of the chloroplastic ATP synthase. What about the cyclic electron transport?
The PSI cycle was insignificant during light-limited photosynthesis
We designed a new 810 nm spectrophotometer with a high signal to noise ratio for the correct measurement of the slopes of the post-illumination re-reduction traces (the DIRK method; . The change of the 810 nm signal per e À arriving at the PSI donors P700, PC and Cyt f was calculated assuming redox equilibrium (Oja et al. 2003) . The assumption that the high potential PSI donors are close to redox equilibrium during fast photosynthesis has been proven with dual-wavelength spectral analysis (V. Oja, unpublished) . At 950 nm, the per e À signals from PC þ and P700 þ are about equal and the signal from ferredoxin (Fd À ) is very weak, while at 810 nm the per e À signal from PCþ is much weaker than that from P700 þ , but the signal from Fd À is significant. Therefore, the 950 nm transmittance signal is a sensitive indicator of the redox state of PC, free of the interference by Fd À . The PSI donors were oxidized by applying saturation pulses of white light during fast photosynthesis. The 950 nm signal indicated complete oxidation of PC during the pulses. If PC diffusion were rate limiting, some PC had to remain unoxidized during the pulse, but there was little indication of unoxidized PC. The evidence proved that during fast photosynthesis the electron transport was mainly rate limited by the turnover of the Cyt b 6 f complex, not by the diffusion of PC. Since the post-illumination re-reduction analysis scaled the electron transport rate in e À s À1 per P700, PSI density per leaf area was necessary for the calculation of the absolute values of electron transport rate. The PSI density was determined from the reductive titration of PSI ). The latter method scales the PSI density not to an optical signal depending on leaf anatomy, but to the precisely measured O 2 evolution after a singleturnover flash (Oja and Laisk 2000) .
PSI electron flow rates, J I , calculated from the post-illumination kinetics of the deconvoluted 810 nm signal, were very close to the BPGA reduction rates, J C , at rate-limiting light intensities. The PSI cyclic electron transport could not be detected during light-limited photosynthesis. Since the highest light-limited photosynthetic rates were up to 50-80% of the light-saturated rates, the PSI cyclic electron transport must have been observable, if there were any necessity for the correction of the ATP/NADPH ratio by more than a few percent. Certainly no such PSI cyclic electron transport was observed that could cover the proton deficiency of 17%, expected if 14H þ /3ATP were required. Therefore, either the number of CF 0 subunits was still 12 in the chloroplast ATP synthase of potato, not 14 as measured in spinach chloroplasts (Seelert et al. 2000 , Scheuring et al. 2001 , Seelert et al. 2003 , or the number of CF 0 subunits does not necessarily indicate the proton requirement per turn of the rotor, which still was 12H þ / 3ATP. The latter anomaly may be related to the observation of a distinct mass protrusion suggested to represent subunit IV at the inside of oligomer III 14 (Seelert et al. 2003) . Although it is difficult to imagine, flexible stoichiometry of the Q-cycle exceeding 2 H þ /e À would also satisfy the observation.
Energy-dissipative cycle around PSI during light-saturated photosynthesis
The difference J I À J C , nearly zero when photosynthesis was light limited, significantly increased when photosynthesis became light saturated. The difference remained about constant when the linear electron flow was decreased by decreasing CO 2 and O 2 concentrations. In the latter case, the cyclic component dominated in the total electron flow, increasing the reliability of the measurements. The rate J I À J C was not proportional to the linear rate J C , expected if the cyclic rate supported a certain fraction of proton pumping. It has been suggested that the fast cyclic rates serve to build up the regulatory proton gradient (Clarke and Johnson 2001 , Makino et al. 2002 , Golding and Johnson 2003 , Miyake et al. 2005a , Miyake et al. 2005b ). However, a very small amount of protons has to be transiently transported into the lumen to build up the gradient. Since such fast J Cyc exists in the steady state, either the protons are released from the lumen at the same fast rate, or the lightsaturated J Cyc is uncoupled from proton translocation, at least the majority of it.
One possible pathway to dissipate the proton gradient could be the 'slip'-the maintained flow of protons through the ATP synthase at very low substrate concentrations (Feniouk et al. 2005) . Since the observed slip is very slow, it can induce only small shifts in the ATP/NADPH ratio, e.g. those causing oscillations by Pi limitation of photosynthesis after transitions to saturating CO 2 (Laisk et al. 1992 ), but it is not fast enough to short-circuit protons translocated at the observed rate of J Cyc during lightsaturated photosynthesis. The assumption that passive proton leak through the membrane drastically increases at the high light-saturated ÁpH contradicts the observation of very high proton motive forces and ATP/ADP ratios recorded in isolated chloroplasts under favorable experimental conditions (Heber et al. 1986 ). Rather, the result suggests that the extra electron transport rate through PSI, observed at light saturation of photosynthesis, is mainly uncoupled from proton transport.
Recently we concluded that the faster light-saturated difference J F À J C is predominantly a dissipative cycle around PSII (Laisk et al. 2006) , in accordance with earlier evidence (Heber et al. 1979 , Horton and Lee 1983 , Rees and Horton 1990 , Miyake and Yokota 2001 . In this work, we confirmed the presence of such an extra electron flow through PSII at the light saturation of photosynthesis in potato leaves. Though J F À J C was a bit faster in leaves with overexpressed MDH (Table 2) , as expected if the overactivated malate valve could branch a significant portion of electrons towards OA reduction, this was not confirmed by the higher O 2 /CO 2 exchange ratio in these plants; and neither was J F À J C slower in the antisense plants compared with the wild type. For these reasons we cannot revise our conclusion that the observed J F À J C indicates a dissipative cycle around PSII.
In this work we have presented evidence of a dissipative PSI cycle operating during light-saturated photosynthesis. In earlier works, though the 810 nm signal was not converted into the per e À signal, nevertheless the presence of a fast cyclic electron flow under light saturation of photosynthesis has been suggested (Makino et al. 2002 , Golding and Johnson 2003 , Munekage et al. 2004 , Johnson 2005 , Miyake et al. 2005b . Using deconvolution of the 810 nm signal similar to that used in this work, Laisk et al. (2005a) found that the fast lightsaturated J Cyc was present in some, but not other, leaves, raising doubts about the reliability of the measurements. Looking at Fig. 3 and Table 2 of this work, we see that such an undefined result was actually caused by the definition of J Cyc as the difference between PSI and PSII electron flows, J Cyc ¼ J I À J F . Since both PSI and PSII are running partially in a dissipative cycle, it depends on the antenna size, nonphotochemical quenching, etc., whether the PSI cycle is faster than the PSII cycle or not. The measure of the dissipative PSI cycle is the difference between the electron flow rates through PSI and for BPGA reduction, J I À J C .
In the light of this result, we must return to the definition of the cyclic electron flow. Since the early studies of Arnon (1959) and Arnon and Chain (1977) , it is a common general understanding that cyclic electron flow is that which is coupled with proton translocation, helping to generate ATP. The back-flow of electrons from the acceptor side to the donor side of a photosystem, uncoupled from proton translocation, is usually termed charge recombination. If the charge recombination is so fast that its time course is not resolved, it is termed 'acceptor side closure'. In our post-illumination measurements, the electron arrival rate was rather constant until about two more electrons had arrived at the PSI donor side during 15 ms; later the rate decreased (Fig. 5A) . In PSI at room temperature, such relatively slow charge recombination is possible from the F A /F B carriers (Golbeck 1987) . However, our data in Fig. 5A indicated that the arrival rate of electrons at the PSI donor side did not decrease with the reduction of P700 þ , as expected during the charge recombination, but the rate remained constant, though the P700 reduction state increased from 0.4 to 0.95. This shows P700 þ is not the immediate electron acceptor, but electrons are returning to oxidized Cyt f or PC via a relatively slow pathway. For this reason we propose to term it a dissipative cycle, rather than charge recombination.
A recent work eliminated the participation of flavoprotein ferredoxin-NADP reductase (FNR) in the cyclic pathway (Breyton et al. 2006) ; therefore, the pathway of dissipative electron cycling around PSI has to transfer electrons from Fd À to the PSI donor side bypassing FNR and the Q-cycle. In higher plant chloroplasts there is a transmembrane-reducing equivalent transfer system resembling the system found in bacteria, involving a membrane-anchored thioredoxin-like protein HCF164 facing the thylakoid lumen side (Lennartz et al. 2001) . Chloroplast thioredoxin m is the source of reducing equivalents for reduction of HCF164, and the candidates for electron acceptors are the subunit PSI-N, as well as Cyt f and Rieske FeS protein (Motohashi and Hisabori 2006) . If the pathway is functioning only fot the purpose of protein disulfide reduction, its rate may not be fast enough to account for the dissipative cycle around PSI. Although the rate of the pathway has not yet been measured in vitro, nevertheless the pathway involving Fd, thioredoxin m and HCF164, and ending up with the transfer of the electron to oxidized Cyt f or PC (maybe via or in parallel to the protein disulfide bonds) is the only known transmembrane electron transport pathway that can short-circuit electrons from the acceptor to the donor side of PSI uncoupled from proton translocation. The fourth, c 0 heme of Cyt b 6 f may also be involved in the dissipative electron cycling around PSI.
Whatever the electron transfer mechanism, the physiological role of the fast PSI cycle is the dissipation of excess excitation-an important feature considering that nonphotochemical quenching is inefficient in the PSI antenna and dissipation of excitation by P700 þ is more limited than usually believed. We emphasize that this conclusion does not concern the cyclic electron flow involving chloroplast NADPH-plastoquinone reductase (NDH). This pathway is usually considered to be slow, but it may be regulated, possibly by phosphorylation of NDH (Havaux et al. 2005 ). Now we see that its rate may be sufficient, along with chloroplast MDH, to cover the small proton deficit and to pump up the regulatory proton gradient.
Though genetically modified potato plants were tested in these experiments in parallel with the wild-type plants, virtually no effects from the genetic treatments were detected. Even in the antisense plants, the residual MDH level was sufficient to fulfill the task of the alternative electron acceptor. Thus, MDH is another enzyme, along with the redox-regulated enzymes of CROC, whose rate is substrate determined and whose full activity is considerably high relative to the necessities of steady-state photosynthesis.
Materials and Methods
Plant material
Tubers of transgenic potato with altered expression levels of chloroplast NADP-MDH [Solanum tuberosum L. cv De´sire´e, antisense 102, sense 4 ] were grown in a fertilized peat-soil mixture in a growth cabinet in the Tartu laboratory under a photosynthetic PFD of 400-600 mmol quanta m À2 s
À1
, 14/10 h day/night length and temperature of 22-25/ 16-188C. Full-grown leaves of the laboratory-grown plants, attached to the plant, were used in experiments. Another series of potatoes was grown in the field (luvisol, Reintam et al. 2003) near Tartu (58810 0 44 00 N, 26824 0 07 00 E) during the summer of 2006 (in both cases the fertilizer was Cropcare 8-12-23, GrowHow, Kemira, Finland). Leaves were cut from plants early in the morning and, with their petioles in water, were kept in the dark until the measurements commenced. The experimental routine consisted of light and CO 2 response measurements at different O 2 concentrations. The response curves were measured by changing the PFD or CO 2 concentration stepwise downwards, essentially as described by Laisk et al. (2002) . For the measurement of MDH activity, plants were grown in the Osnabru¨ck laboratory from the tubers of the same generation, as described in Backhausen et al. (1998) .
General features of the measurement system
This work became possible thanks to the measurement system developed for the kinetic investigation of leaf photosynthesis in the Tartu laboratory Oja 1998, Laisk et al. 2002) . The following features make it the most universal and reliable tool for simultaneous gas exchange and optical measurements.
The concentrations of CO 2 , O 2 and water vapor can be rapidly and conveniently changed over a wide range in the gas flowing through the leaf chamber. The gas concentrations are obtained with the help of dynamic mixers based on stabilized pressures and precisely calibrated capillaries or orifices determining the flow rates of the mixed components. The dual-channel principle (originally three channels; Laisk and Oja 1971) involves two identical gas flow channels 1 and 2, but one leaf chamber. If the channels are differently pre-tuned, the gas mixture at the leaf surface will change within 0.5 s after the leaf chamber is connected from the circuit of channel 1 to that of channel 2. All volumes in the system are minimized with the aim of increasing the response time (half-response time 1.6 s for CO 2 and 0.8 s for O 2 measurements). These features facilitate the fast and precise measurement of CO 2 response curves, allowing one rapidly to change CO 2 and O 2 concentrations, check the reference line and calibrate the sensitivity of the analyzers at each CO 2 and O 2 concentration.
For temperature stabilization and for the fixation of the leaf position (important for optical measurements), the physiologically upper side of the leaf is glued with starch paste against the glass window flushed with thermostat water from the other side. Though this partially blocks the gas exchange of amphistomatous leaves, the limitation is considered by routinely calculating cell wall and chloroplast CO 2 concentrations.
Special care is taken to ensure the uniform illumination of the leaf avoiding interference between different light sources and optical instruments sensing signals from the leaf surface. This task is solved by a fiberoptic light guide made of plastic fibers in our laboratory. The fibers are individually placed with a period (lattice) of six over the whole leaf chamber area. From the six, three arms are used for illumination (allowing the operator to alter or superimpose different wavelengths and intensities, e.g. actinic light, far-red, multiple or single turnover flashes) and three are used for optical measurements (Chl fluorescence and leaf transmittance at two wavelengths; one wavelength used in this work). Chl fluorescence is measured in the reflectance mode on a 2 cm 2 part of the leaf area, positioned on one half of the leaf. The leaf transmittance measurements are arranged symmetrically on the other half of the leaf also on a 2 cm 2 area. The transmitted beam is collected at the rear of the leaf chamber with the help of another bundle of fibers. A specially designed amplifier ensures the high signal to noise ratio and insensitivity to the background non-modulated radiation of the transmittance measurements. For fast on/off switching, the incandescent sources are equipped with electro-pneumatic shutters with the flying time of 1.3 ms, manufactured in the laboratory.
An important feature of the system is its computer-controlled automation. A textual meta-language is used to pre-program the time sequence of gas concentrations and light intensities, including the application of saturation pulses. Data are computer recorded, automatically increasing the recording speed for fast millisecond range transients. More information specific for this work is given below.
Gas exchange measurements
The leaf chamber was of 32 mm diameter and 3 mm height, with a gas flow rate of 0.5 mmol s
À1
. In experiments, the thermostat water temperature was 228C, and leaf temperature did not exceed 238C at the maximum light intensity. CO 2 uptake was measured by an infrared absorption analyzer LI 6251 (LiCor, Lincoln, NE, USA). Transpiration was measured with a laboratory-made micro-psychrometer integrated in the gas system; the data were used for the calculation of the intercellular space CO 2 concentration in the gas phase, C i , and of the CO 2 concentration dissolved in cell wall water, C w . The carboxylation site CO 2 concentration, C c , was calculated from C w considering the mesophyll liquid phase diffusion resistance, r md . The latter was calculated from the electron transport rate method (Loreto et al. 1992) : the resistance was adjusted to increase the reassimilation (internal cycling) of the photorespiratory CO 2 to the extent that the PSII electron transport (as determined from Chl fluorescence, but minus the PSII cycle) was all consumed for the reduction of BPGA during the carboxylation and oxygenation of RuBP. The Rubisco kinetic curve fitting and variable O 2 concentration methods (Laisk et al. 2006) were used additionally to increase the reliability of the r md values.
Oxygen evolution was measured in the same flowthrough system at a very low background O 2 concentration of 10-50 mmol mol À1 (dependent on the photosynthetic rate) using a Zr-based O 2 analyzer Ametek S-3A (Thermox, Pittsburgh, PA, USA). The CO 2 and O 2 analyzers were calibrated with a precision of 41% by adding CO 2 and O 2 into the air flow through the same capillary ). The reference of the O 2 evolution was taken during short periods of darkness, considering that the low O 2 concentration was almost completely abolishing the mitochondrial O 2 uptake ), but the reference of the CO 2 uptake was measured without the leaf in the gas flow (possible in the twochannel gas exchange measurement system). The time of exposure of the leaf in anoxia was 12 min during the measurement of the light response curve and 2 min at each CO 2 concentration during the measurement of CO 2 response curves. After the CO 2 /O 2 exchange measurements the photosynthetic rate in 210 mmol O 2 mol -1 was unchanged.
The rate of linear electron transport associated with photosynthetic carbon metabolism (BPGA reduction rate), J C , was calculated considering RuBP carboxylation and oxygenation Loreto 1996, Laisk et al. 2002) :
where A C is the measured net rate of CO 2 assimilation, R K is the rate of Krebs cycle respiration in the light, K s is the CO 2 /O 2 specificity factor of Rubisco, and C c and O c are the dissolved CO 2 and O 2 concentrations (mM) at the carboxylation site (for details see Laisk et al. 2002) . The electron transport rate, J O , supporting the measured O 2 evolution rate, A O , was calculated as
where A O is the measured rate of O 2 evolution.
Chl fluorescence measurements
As described above, the leaf was uniformly illuminated through the light guide made of 1 mm plastic fibers (Fast-Est, Tartu, Estonia), integrating illumination from three sources: the actinic white light and fluorescence saturation pulses of 10,000 mmol quanta m À2 s À1 were provided by filtered incandescent sources, Schott KL 1500 (from H. Walz, Effeltrich, Germany), and far-red light was provided by a feedback-stabilized 720 nm LED battery (Fast-Est, Tartu, Estonia). Chl fluorescence was measured with a PAM-101 and ED-101 emitter-detector (H. Walz, Effeltrich, Germany), applying corrections for cross-sensitivity, detector saturation and fluorescence unsaturation during pulses. The correction for PSI fluorescence of 25% of F 0 measured as described by Peterson et al. (2001) was applied for all leaves. The PSII electron transport rate (J F ) was calculated on the basis of the quantum yield of PSII (Genty et al. 1989) :
where PAD is the absorbed quantum flux density, a II is the fractional partitioning of quanta to the PSII antenna, F is the steady-state and F m the pulse-saturated fluorescence yield.
The excitation partitioning coefficient, a II , was found from CO 2 exchange and fluorescence measurements at strictly limiting PADs (Laisk and Loreto 1996 , Laisk et al. 2002 , Laisk et al. 2006 :
where
and
Based on the observation that the O 2 /CO 2 exchange ratio remained constant down to the Kok effect range of PFDs, we concluded that the apparent suppression of respiratory CO 2 evolution in the light was accompanied by the flow of photosynthetic electrons into the respiratory and/or anaplerotic pathways, accompanied by the decrease of respiratory CO 2 evolution and/or the increase of PEP carboxylation. Therefore, the initial slope of the light response curve of the net CO 2 uptake in the Kok effect region (at PFD 570 mmol quanta m À2 s
À1
) was considered to be the true quantum yield, Y C , differently from Laisk et al. (2006) .
Leaf transmittance at 810 nm
A single-beam spectrophotometer FE-810 (Fast-Est, Tartu, Estonia) was specially designed for the measurement of leaf transmittance changes. A 810 nm LED (Type ELD 810-525, Roithner Lasertechnique, Vienna, Austria) filtered by a 40 nm band-pass interference filter (FB 800-40, ThorLabs, Newton, NJ, USA) was driven by rectangular pulses of 5 ms length at 100 kHz frequency by a quartz-stabilized generator. The measurement beam was transmitted to the front of the leaf chamber via a fiber guide that illuminated a 2 cm 2 measurement area, apart from the fluorescence measurement area. Another bundle of fibers collected the 810 nm radiation from the rear of the leaf chamber and transmitted it to the sensor PIN diode (type S3590-01, Hamamatsu, Japan) of the photometer. The input of the 810 nm channel was protected by another FB 800-40 band-pass interference filter from Chl fluorescence and other non-modulated radiation.
The photocurrent of the PIN diode was amplified by a current feedback amplifier and rectified to a DC signal of 42.5 V. A constant offset of 2.5 V was applied and the difference DC signal exceeding the offset was further amplified 100 times, for convenient computer recording with a 12-bit A/D converter board. The good stabilization of the 100 kHz generator and the current feedbackcontrolled input amplifier ensured a stable signal with a noise level of 0.1% of the typical full redox signal, sufficient for successful single-trace recording of most of the P700 reduction transients (Fig. 5) . The output signal of FE 810 was insensitive to the non-modulated saturation pulses of 10,000 mmol quanta m À2 s
À1
. Saturating single turnover flashes from a xenon arc lamp locked the amplifier for 0.5 ms after the flash. The recorded 810 nm signal was deconvoluted into the signal per e À arriving at P700 þ and PC þ , assuming redox equilibrium between these electron carriers as described earlier (Oja et al. 2003 , Talts et al. 2007 .
The system was operated and data were recorded using an A/D converter board ADIO 1600 (Kontron, San Diego, CA, USA) and a system-operating and data-recording program RECO (Fast-Est, Tartu, Estonia).
Other basic photosynthetic parameters
Leaf N was measured with the micro-Kjeldahl method (Kjeltec Auto 1030; Foss Tecator AB, Hoeganaes, Sweden).
Rubisco content was measured with quantitative SDS-PAGE, calibrated against Rubisco protein isolated from young sunflower and quantified gravimetrically, by weight (Eichelmann and Laisk 1999) . Other basic photosynthetic parameters of Table 1 were measured essentially as described earlier (Laisk et al. 2002 , Eichelmann et al. 2005 , Laisk et al. 2005b ).
The total capacity of NADP-MDH was measured in leaf extracts of plants grown from tubers of the described lines after completely activating the enzyme by incubation with 100 mM dithiothreitol (DTT). Since NAD-MDH is to a small extent (0.2%) unspecific and also uses NADPH, this percentage of the NAD-MDH activity was subtracted (Scheibe and Stitt 1988 , recalculated from these data considering the actual Chl content, are presented in Table 2 .
